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Abstract

Ventilated fagades are increasingly used in building renovations, often containing non-
renewable and CO,-emissions-intensive cement-based materials. Renewable biomass-based
materials offer a more sustainable alternative with a high amount of sequestered CO,.
However, water uptake is a critical factor in exterior applications. This study investigates
the water resistance of high-density particleboards made of wheat straw (WS), grey alder
(GA), and softwood (SW) for facade-related exterior applications. Two general board types
were produced from each biomass using (1) steam explosion (SE) treatment and (2) the
addition of birch-bark-derived suberinic acids (SAs) as the bio-based binder. In addition, the
influence of conventional and mold hot pressing was investigated. The particleboards were
coated with four types of innovative finishes, comprising (1) purified SA, (2) SA + chitosan
(SH), (3) SA + earth pigment (SP), and (4) SHP. The water resistance of the particleboards
was evaluated using an internal bonding (IB) test after 2 h of boiling and by measuring the
water drop contact angle. FTIR analysis was performed to identify differences between the
board varieties and to explain the obtained results. Only two board varieties (GASA and
SWSA) fulfilled the Type P5 EN 312 water resistance requirement (0.15 N/mm?), achieving
IB values of 0.81 + 0.23 N/mm? and 0.22 + 0.07 N/mm?, respectively. In turn, the coatings
used did not significantly increase the static contact angle compared to the reference board.
Although the results of this study confirm the inherent moisture sensitivity of engineered
particleboards, two board varieties demonstrate promising potential for fagade-related
exterior applications.

Keywords: wheat straw; grey alder; softwood; steam explosion pretreatment; suberinic
acids; high-density particleboard; bio-based facade materials; water resistance

1. Introduction

The building sector is one of the most important material production sectors, consum-
ing about 40% of total final energy and generating the same percentage of greenhouse gas
emissions. The Europe 2020 Strategy aims to significantly reduce the carbon footprint and
increase energy efficiency across all industries [1]. To increase a building’s lifecycle, renova-
tion is necessary. Conventional building renovation systems usually contain cement-based
materials, which are recognized as emission-intensive during production and utilization [2].
They highly contribute to environmental pollution and global warming.
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Modern fagades are dominated by composite and metal systems, though brick, stone,
fiber cement, vinyl, wood, and glass remain significant regionally [3]. The industry has
shifted from heavyweight brickwork and precast concrete toward lightweight options, with
current research prioritizing fire compliance, durability, sustainability, and prefabricated
rainscreens [4-6]. Commercial and high-rise projects favor composite metal panels and cur-
tain walls, whereas residential buildings rely on traditional materials like aluminum, brick,
wood, fiber cement, stucco, and vinyl [5,7,8]. Lighter, engineered, and non-combustible
materials like Alucobond-type laminates are now standard due to strict fire-performance
constraints [5].

Commercial cladding carries a heavy environmental burden, driven by embodied
carbon across its lifecycle [9,10]. However, material sustainability rankings are highly
context-dependent. While one LCA favored brick or granite depending on economic or
environmental modeling [11], a retrofit study found that gravel stones had the lowest
impact, contrasting with high-emission aluminum and metal panels [12]. Although it
is durable and recyclable, primary aluminum production remains highly energy- and
greenhouse-gas-intensive [13]. Ultimately, minimizing the use of virgin materials and
extending service life outperform simple material substitution. Using recycled construction
waste in geopolymeric panels or reusing curtain wall components yields greater net benefits
than recycling alone [9,14]. Because manufacturing energy drives climate impacts, grid
mix and supply chain efficiency are as critical as material selection [10].

Studies on wood, wood-composite, and natural-fiber facade systems indicate that
untreated bio-based fagade claddings tend to weather poorly. While water-resistant fin-
ishes mitigate degradation, they often introduce trade-offs regarding vapor permeability,
adhesion, or mechanical retention. For instance, a two-year outdoor exposure study of
120 bio-based fagade materials revealed that untreated natural wood exhibited the lowest
weathering resistance, with 63 samples developing checks [14]. Furthermore, a separate
outdoor study of 33 coated and uncoated biobased claddings demonstrated that both ma-
terial type and climate conditions significantly influence fungal colonization—serving as
a reliable proxy for the interaction between moisture exposure and surface protection in
real-world applications.

Studies on self-adhesive particleboards, especially using steam explosion (SE) pretreat-
ment, have broadened engineered wood products by using raw materials from agriculture
with promising properties [15]. The SE treatment relies heavily on altering biomass chem-
istry to trigger inherent self-bonding mechanisms. High-pressure steam hydrolyzes hemi-
celluloses into soluble sugars and furfural derivatives, while simultaneously disrupting the
lignocellulosic matrix and causing lignin to flow and redistribute across fiber surfaces [16].
This thermal mobilization allows lignin to act as a natural, thermosetting adhesive through
subsequent condensation reactions during hot pressing while also providing good form
stability [17]. Concurrently, the incorporation of suberinic acids (SAs)—extrapolated
from wood outer bark biomass—enhances these self-bonding characteristics. SAs undergo
thermal polymerization and esterification, reacting with both the hydroxyl groups of lib-
erated cellulose fragments and the cross-linked networks of mobilized lignin [18]. This
co-polymerization not only bridges the structural components of the biomass but also im-
parts critical hydrophobic properties, establishing non-combustible, moisture-resistant, and
chemically stable matrices within the composite architecture without the need for synthetic
resins [19,20].

The most promising results for surface finishes were observed in hydrophobic yet
vapor-permeable bio-based surface systems. For instance, a fully bio-based coating derived
from spruce and birch bark achieved a water absorption value of 100 g/m? after 72 h, out-
performing traditional alkyd emulsions [21]. Another bio-based formulation, characterized
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as both hydrophobic and water-permeable, was recommended specifically for exterior
applications such as overlapping or open cladding, fencing, and ventilated rainscreens [22].
In evaluations of natural-fiber and wood-based composites, polyfurfuryl alcohol coatings
demonstrated superior long-term moisture resistance compared to polyurethane-based bio-
coatings [23]. Furthermore, plant-oil coatings on hemp/starch boards achieved a four-fold
reduction in water absorption (from 1.34 to 0.37 kg/ m?), while wood varnishes reduced up-
take by 50-56% in optimized jute-fiber setups [24]. The functionalization of bio-based fillers
also proved to be critical: silane and wax treatment significantly lowered the water-uptake
tendency of lignocellulosic fillers, underscoring the decisive role of surface chemistry in
material performance [25].

To evaluate the water resistance of particleboards or fiberboards, internal bond (IB)
retention is typically calculated following the boiling treatment described in the EN 1087-1
standard [26]. Boiling or boil-dry exposure generally leads to a sharp reduction in IB, serving
as a proxy for the adhesive network’s resilience under water stress. Research indicates that
the modulus of rupture (MOR) and IB of PF-bonded boards decrease significantly within the
first hour at 100 °C, reaching a low plateau as soaking continues [27]. Notably, self-bonded
fiberboards composed of steam-exploded grey alder biomass exhibited an IB retention ratio
of 43-49% after two hours of boiling—significantly higher than the 2% retention observed in
commercial load-bearing MDF.HLS [28]. Other durability studies utilizing the “cyclic boil-
dry test” confirm that this is among the harshest aging treatments for bond retention [29].
Furthermore, moisture-resistant particleboards incorporating Kraft paper pulp were found
to meet EN 312 requirements for humid conditions, specifically regarding IB strength
after boiling [30]. Similarly, chitosan-treated particleboards demonstrated reduced water
absorption and superior IB compared to untreated controls after soaking [31].

Drawing on the reviewed literature and the authors” extensive experience with SE
lignocellulosic boards and birch-bark-derived SAs as bio-based binders [18,19,32-34], this
study continues the investigation of high-density particleboards for external-ventilated
facade applications. The main physical-mechanical properties were presented in a previ-
ous study [33] evaluating particleboards produced from available lignocellulosic biomass
(LCB) sources, including wheat straw, grey alder, and softwood thinning. Because high
mechanical properties have been achieved during the previous study (MOR and MOE of
up to 66 N/mm? and 9980 N/mm?, respectively; IB of up to 3.0 N/mm?), this study assesses
the impact of SE treatment and SA addition, combined with both conventional and mold
hot pressing, by measuring boil-dry IB and water drop contact angles. Furthermore, the
efficacy of an innovative finishing system based on purified SA was examined. While the
results generally confirm the inherent hygroscopicity of engineered particleboards, two
specific varieties demonstrated significant potential for exterior use.

2. Materials and Methods
2.1. Raw Materials

Locally sourced LCB was used to produce particleboards from wheat straw (WS,
Triticum aestivum), grey alder (GA, Alnus incana), and softwood (SW), which was a mixture
containing half spruce (Picea abies) and half pine (Pinus sylvestris) wood. Each raw material
was processed according to the specific board production technology: either as binderless
boards using SE pretreatment or as particleboards bonded with SA as a natural binder.

For the production of SA, birch outer bark (Betula pendula) was provided by Betulin-
Lab (JSC Latvijas Finieris, Riga, Latvia). The feedstock, with a moisture content (MC)
of 4-5 wt.%, was milled using a Retsch SM 100 cutting mill (Retsch GmbH, Haan, Ger-
many) and fractionated with an AS 200 Basic vibratory sieve shaker (Retsch GmbH, Haan,
Germany). Following extraction in 96 vol% ethanol (Kalsnava, Latvia), hydrolytic depoly-
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merization was performed using potassium hydroxide (KOH, 85.0%, Reag. Ph Eur, VWR
International, Leuven, Belgium) and nitric acid (HNO;, 65%, Honeywell, Seelze, Germany).

Natural earth pigment (Burnt Sienna, 40470) was purchased from Kremer Pigmente
GmbH & Co. KG (Aichstetten, Germany). Medium-molecular-weight chitosan (430 kDa;
degree of deacetylation >90%) was supplied by Jiangsu Aoxin Biotechnology Co., Ltd.
(Lianyungang, China) as a food-grade reagent.

2.2. SE Pretreatment

A custom-built SE device, equipped with a 0.5 L batch reactor, was used to pretreat
half of the raw LCB for binderless particleboard production. Prior to SE processing, the
raw materials were crushed using a knife mill (CM4000, LAARMANN, Roermond, The
Netherlands) with a 10 mm sieve. The materials were then moistened by immersing in
water overnight, resulting in a natural MC of ~50% for WS and ~60% for GA and SW. To
obtain well-defibrated fiber mass, each moistened LCB type was SE-pretreated separately
based on previous experience and differences in species structure: WS and GA chips were
processed at 220 °C for a residence time of 120 s, while for the disruption of SW species,
slightly more severe conditions at 230 °C for 90 s were needed [33].

To evaluate the effect of post-treatment, the majority of SE-pretreated LCB was cen-
trifuged to separate the liquid fraction (hydrolysate), while some SE-LCB parts were retained
as the hydrolysate. As previously reported, the SE hydrolysate contains soluble sugars,
phenolics, acetic acid, and furfural [35], which potentially contributes to the self-bonding
mechanism in particleboard production [17]. Samples with retained soluble compounds
are hereafter denoted as SE+SF, while those without the fraction are referred to as SE—SF.
The SE-LCB was then pre-dried and mechanically processed using a system of two rotating
cylinders coupled with stainless-steel wires, as described in [36], before being oven-dried
at 60 °C to a final MC of 2% + 0.2%.

2.3. Binder Preparation

The SA binder for particleboards was produced via the hydrolytic depolymerization of
the extracted birch outer bark (1-2 mm) in a 4 wt.% KOH solution within a 100 L jacketed
stainless-steel reactor operated at 90 °C for 30 min with a 1:10 bark-to-liquid ratio. The
process involved cooling the mixture to 30 °C, acidifying it with HNOj; to pH 2, and filtering
it through a 100-micron polypropylene bag to separate water-soluble KNO; and isolate the
final binder with a solid content of 20% [33].

2.4. Particleboard Production

Bio-based particleboards were produced from each LCB species using two distinct man-
ufacturing approaches: (1) binderless fabrication using SE-treated particles and (2) bonding
of milled raw particles with an SA binder (Figure 1). The SE boards were produced from
dried, SE-pretreated LCB, with the soluble fraction either retained (+SF) or separated (—SF).
SA-bonded boards were fabricated from milled (SM 100, Retsch GmbH, Haan, Germany)
LCB using 17 & 1% SA binder on an oven-dry basis (0.d.), as previously described [33]. For
each manufacturing approach, two board types were produced using either conventional
(C) or mold (M) hot pressing (Figure 1). C boards (450 mm x 900 mm) were later cut into
four 200 mm x 400 mm samples, while M boards were hot-pressed directly in an aluminum
alloy mold with inner dimensions of 200 mm x 400 mm.
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Figure 1. Particleboard production scheme.

| Raw LCB | —] Crushing |

All boards were hot-pressed to a target thickness of 10 mm and a density of 1200 kg/m?,
with minor adjustments to temperature and time. The density of boards was chosen by
analogy with commercial cement-based particleboards typically used in ventilated facade
systems. Additionally, this was due to the fact that the properties of particleboards are
density-dependent.

The pressing cycle consisted of two stages: (1) pressing at the set temperature for 9 min
at 10 + 2 MPa and (2) cooling under reduced pressure (approximately 20% lower) until a
temperature of 90 °C was reached. The production conditions are summarized in Table 1.

Table 1. Types and conditions of produced particleboards.

Temperature/Time *

Board Type Hot-Pressing Type °C/min
SE+SF
i 1
el Conventional (C) 160,20
SE—SF Mold (M)
A Conventional (C) 180/20

Mold (M)

* The pressing time includes 9 min at the set hot-pressing temperature and cooling down to 90 °C.

2.5. Particleboard Finishing

The produced particleboards were coated with four self-prepared systems based on
purified SA, which were obtained according to the following procedure. The extracted birch
outer bark (2.5 kg, 1-2 mm) was depolymerized in 20 L of a 4.5 wt.% KOH-ethanol solution
for 60 min at 78 °C. This was conducted in a 30 L stainless-steel reactor equipped with a
steam heating jacket, reflux condenser, and mechanical stirrer. After depolymerization, the
resulting SA-salt solution was cooled to 30 °C and filtered through a 100 ym polypropylene
bag to remove bark residues. Subsequently, 65 wt.% of ethanol was evaporated using a
Hei-VAP industrial rotor evaporator (Heidolph, Schwabach, Germany) and replaced with
water. The suspension was then acidified with HNO; to pH 2, vacuum-filtered, and rinsed
with water. The final SA—water suspension, with a solid content of 30 wt.%, was used for
finishing the boards.

The coating of the boards was performed using a paint roller (15 cm, Anza Platinum
584516, MICMEX, Bankeryd, Sweden), applying a two-layer configuration. For the S system,
two consecutive layers of SA were applied. In the SP system, two layers of SA were used,
with earth pigment incorporated into the second layer at 5 wt.% relative to the coating mass.
For the SH system, the first layer consisted of SA, followed by a second layer of chitosan.
In the SHP system, the first layer was SA, while the second layer was chitosan containing
5 wt.% of earth pigment. Before applying the second layer, the first layer was allowed to dry
at ambient conditions. The chitosan solution was prepared by dissolving 4 wt.% chitosan
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in 4 wt.% acetic acid. After coating, all boards were cured in an oven at 180 °C for 30 min.
A commercial water-based wood paint suitable for exterior applications (VivaColor Villa
Ultima TVT Q858, grey) was used as a reference coating (REF1), while uncoated boards
served as an untreated reference (REF0). The finishing types of coated particleboards are
summarized in Table 2.

Table 2. Finishing types used for particleboard coating.

Finishing Type Component Content, %
S Suberinic acids 100
SH SA + chitosan 50 + 50
SP SA 4+ pigment 975+ 2.5
SHP SA + chitosan + pigment 50+ 475425
REF0 Untreated -
REF1 VivaColor Villa Ultima TVT Q858, grey 100

2.6. Particleboard Evaluation

The particleboards were evaluated for water resistance, water drop contact angle, and
Fourier transform infrared (FTIR) spectra. Water resistance was assessed according to
Option 2 of the EN 312:2010 standard [37], following the methodology specified in EN
1087-1:2002 [26]. Option 2 was selected over Option 1 due to its shorter testing duration.
Specimens (50 x 50 mm), conditioned at 20 & 2 °C and 65 + 5% RH, were submerged in a
water bath, boiled for 2 h, cooled in water (20 °C) for 1 h, and subsequently oven-dried at
70 °C for 16 h. Finally, the specimens were glued to aluminum testing blocks to determine
IB in a ZWICK/Roell Z010 testing machine (ZwickRoell, Ulm, Germany) in accordance
with EN 319:1993 [38]. The following equation was used for the determination of the IB
retention ratio (Ryg) of the boards before (IB) and after the boiling test (IB,;):

Ry = 1By /IB x 100%. (1)

The obtained IBy,; values were compared to the standard requirement for load-bearing
boards for use in humid conditions (Type P5) according to EN 312 [37]. In addition, the
dried board samples after the boiling treatment were tested for thickness swelling (TS)
based on the standard EN 317 [39].

Water contact angle measurements were performed using a goniometer (OCA20, Data
Physics Instruments, Filderstadt, Germany) equipped with a high-resolution video camera
and image analysis software for droplet contour fitting and angle determination. The static
sessile drop method was applied, using distilled water as the test liquid. A droplet volume
of 10 pL was deposited on the sample’s surface, and the contact angle was recorded over
30 s at 1 s intervals.

FTIR spectra of unfinished boards were recorded using KBr (IR grade, Sigma Aldrich,
Darmstadt, Germany) pellets with a Thermo Fisher Nicolet iS50 spectrometer (Waltham,
MA, USA) within the range of 4000-700 cm~!, with a spectral resolution of 4 cm~! and
32 scans. All spectra were normalized to the highest absorption maxima in the range of
2000-700 cm™1.

The influence of the factors on the mean values of the tested properties was analyzed
in Excel software, using the one-way ANOVA tool at a significance level of a = 0.05 [40].

3. Results and Discussion

Among all investigated particleboard formulations, substantial differences in water
resistance were observed depending on biomass type, bonding approach, and pressing
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method. In general, SA-bonded particleboards demonstrated considerably higher resis-
tance to boiling treatment than SE-based boards, particularly in the case of GA processed
by conventional hot pressing. Therefore, the discussion below focuses primarily on the
relationship between biomass composition, bonding mechanism, and retention of IB after
severe water exposure.

3.1. Water Resistance of Uncoated Particleboards

Water resistance of the obtained uncoated particleboards in terms of IB values after 2 h
boiling treatment varied substantially in the range of 0.01-0.81 N/mm? depending on the
board type (Figure 2). Both SE board types exhibited similarly low IBy; values between
0.01 N/mm? and 0.03 N/mm?2. The SA boards obtained from wood species by conventional
hot pressing achieved the highest values of 0.81 + 0.23 N/mm? and 0.22 + 0.07 N/mm?
for GASA and SWSA, respectively. These results substantially exceeded the standard re-
quirement of P5 boards 0.15 N/mm?, indicating favorable compatibility between the wood
biomass and the SA-based binder system. Overall, GASA particleboards demonstrated the
highest water resistance among all investigated formulations. The only negative aspect of
GASA boards regarding the IB,,; results should be noted as its high standard deviation.
This indicates heterogeneity of the manufactured laboratory-scale boards, which we assume
is related to the disadvantages of manual formation of the board mat for conventional hot
pressing with dimensions of 450 mm x 900 mm. It is difficult to manually form a one-layer
mat by evenly distributing the binder-mixed particles to achieve a board with a homoge-
neous structure. Further, during the boiling treatment of such samples, they penetrate the
water unevenly, resulting in high deviations in the detected results. Despite the relatively
high standard deviation, even the lowest IB,,; values of both GASA and SWSA boards met
the P5 requirement (Figure 2), confirming the excellent water resistance of the SA-based
particleboard system.

1.0
0.9
0.8
0.7
0.6
0.5
0.4
0.3

0> |

0.1

0.0 T i T Lot T - == I ES

SE SE-M SA SA-M

-~

IB, iy N/mm?

WS GA SW ——EN312P5
Figure 2. IB of uncoated particleboards after 2 h boiling test.

The SA-M boards hot-pressed in a mold demonstrated considerably lower water resis-
tance, similar to both SE boards, independent of the used species (Figure 2). The obtained
IB,,,; result of SWSA in the present study can be compared with the IBy,; of particleboards
composed of pine chips bonded with 8% PF/pMDI (70/30) adhesives, reported to be in the
range of 0.22-0.32 N/mm?, which decreased down to 0.075 N/mm? with the addition of
kraft pulp residue in the core [30]. The comparison of the results shows the high potential
of SA to be used as a binder for softwood particles, providing high intrinsic strength that is
sufficiently retained even after severe water treatment.
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The retention ratio of the board’s IB values after the boiling treatment is summarized
in Table 3. It indicates the impact of specific water treatment by boiling, resulting in a
similar tendency as in the case of 1B, values. However, it should be noted that the
WSSE-M boards retained the highest Rz value among all SE boards, indicating differences
between the species regarding the hot-pressing impact (Table 3). This characteristic of the
WSSE-M board after the boiling treatment fits the trend obtained in the TS in water for
24 h, achieving the lowest water absorption (54%) and TS (43%) values regarding other
WS board types [33]. The SWSA board retained 9.0% of Ry, indicating lower adhesion
than in the case of GASA. The GASA board retained the highest Rz value (28.4%) among
all obtained boards, indicating the best variation of used LCB species and compatibility
with SA.

Table 3. IB strength and retention ratio (Ryz) of uncoated particleboards after boiling test.

Species WS GA SW WS GA SW WS GA SW
Board Type IB, N/mm? IBy,o;;, N/mm? Rip, %

SE 052(c) 3.04(a) 141(b)  001(d) 003(c) 001(d) 19 09 07

SE-M 044 () 195() 179(b)  0.02(c,d) 001(d) 001(d) 45 05 06

)
) (
SA 067 (c) 287(a) 248(a,b) 001(d) 081(a) 022(b) 17 284 90
SA-M 064(c) 280(a) 118(b) 0.02(c,d) 004(c) 002(cd) 24 15 1.7

Means with the same letters are not significantly different at « = 0.05.

The obtained water resistance results indicate a significant influence of both the biomass
species and the manufacturing technology used. Despite relatively high IB values after the
production of SE boards, they dropped drastically after the boiling treatment, indicating
severe degradation of the self-bonded structure under hydrothermal conditions. This behav-
ior may also be associated with the details of SE post-treatment, in which the soluble fraction
was removed. In the previous study performed by the authors, the IB,,; of GASE boards
without SE post-treatment achieved values in the range of 0.25-0.34 N/mm?, with Rz in the
range of 43-49% [28]. The influence of SE processing details on the boards’ water resistance
is described in the following section. The Rz of commercial particleboards bonded by
synthetic phenol formaldehyde and pMDI was reported in the range of 10-20% and 47-73%,
respectively, depending on the boiling time (1-72 h) [27]. Taking this into account, our re-
sults in the case of GASA and SWSA bonded with the natural SA-based binder demonstrate
promising potential for moisture-resistant bio-based particleboard applications.

3.1.1. Influence of Finishing

Initially, coated particleboards appeared visually promising in terms of improved water
resistance. Figure 3 summarizes the appearance of the board’s surfaces coated with all
finishing types, including references, board type, and species. It can be observed that SA
boards were composed of mechanically shredded chips, while SE boards contained more
fiber-like particles obtained during the SE process. Differences in surface color were also ob-
served, with lighter tones in the case of the uncoated board; coated boards exhibited slightly
darker tones in the case of S and SH finishings, and they exhibited more intensive tones in
the cases of P and REF1 finishings, covering the structure of the board faces (Figure 3).
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GASA-S GASA-M-SH  SWSE-M-SP SWSA-SHP  WSSE-REF0 GASE-M-REF1
Figure 3. Particleboards coated with all finishing types used in this study.

To detect the influence of the used finishing types, all coated particleboards were boiled
in water for 2 h (Figure 4). Since no obvious improvement was initially observed between
coated and uncoated samples, it was decided to test IBy,; only for the WSSA board samples,
and the results are summarized in Figure 5.

-

Figure 4. Particleboard specimens after the boiling test: (a) face surface of WS-coated boards and
(b) cross-sections of (upward direction) WSSA-SP, WSSE-SH, WSSA-M, GASA, and GASE-M.

0.08
o
E 0.06
Z
~ 0.04
2
g
0.02
I
0.00
SA/SP SH/SHP Uncoated

Figure 5. Influence of finishing on water resistance of WSSA particleboards after 2 h boiling test.

A significant difference was revealed between the IB,; values depending on the
applied finishing. The coated samples showed higher IB,; values than the uncoated ones.
Moreover, the highest IB,; values were achieved in WSSA samples coated by SH/SHP,
indicating superior performance compared with S/SP coatings. This could be explained by
the positive impact of chitosan, which is capable of forming a water barrier for the coated
chips, thereby reducing TS, water gain, and linear expansion of particleboards [31]. These
results further support the beneficial effect of chitosan-containing finishing systems on water
resistance. Taking into account the detected influence of finishing, it may be assumed that
the effect could be further improved by sealing the sample’s sides or applying a complete
surface coating before the boiling treatment. Such practice is used for solid wood to test the
water permeability of coatings according to the EN 927-5 standard [41].
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The standard was used to test the solid wood coated with a fully bio-based system
composed of SA (90%) from birch bark and polyphenols (10%) from spruce bark [21]. The
water resistance of such SA-based finishings, evaluated by immersing the prepared samples
with sealed sides for 72 h in water, was reported to achieve a favorable result of 100 g/ m?2.

The influence of finishing was also analyzed in terms of TS after boiling (TS-boil). The
boiling treatment affected the board samples in terms of TS, as illustrated in Figure 4 b. The
results of TS-boil are summarized in Figures 6 and 7, depending on the board production
technology. As can be seen from Figure 6, the TS-boil of SE boards varies substantially
in the range of 47-206%, while SA boards demonstrated overall lower TS values, ranging
between 26% and 158% (Figure 7). This trend was generally consistent with the 1B
results discussed above, further indicating improved hydrothermal stability of the SA-based
particleboards.
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Figure 6. TS values of SE particleboards after 2 h boiling depending on finishing.
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Figure 7. TS values of SA particleboards after 2 h boiling depending on finishing.

Regarding the biomass species, GA showed the best average performance in SE boards,
with TS-boil values ranging from 50% to 151%. In contrast, SW performed best in SA boards
(32-74%). For both uncoated SE and SA boards, those produced via mold hot pressing
exhibited lower resistance compared to conventionally hot-pressed boards. Evaluating
the finishing types, TS-boil was significantly improved across all SE board varieties, with
the exception of those composed of WSSE and those hot-pressed in a mold (Figure 6).
Conversely, the TS-boil of coated SA-bonded boards significantly decreased only for all WS
samples and for SA-M boards with the S finishing (Figure 7).

A strong negative correlation was previously established between IB,,;; and TS-boil val-
ues for particleboards bonded with synthetic adhesives, indicating that the reduction in Ry is
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directly associated with increased TS during prolonged boiling exposure times (1-72 h) [27].
This finding is also supported by other authors who subjected particleboards to various ac-
celerated aging treatments [29]. In the present study, a correlation between IB,,; and TS-boil
was also observed across different board types. However, this relationship varied by species,
exhibiting both positive and negative characteristics: r = 0.69 for WS boards, r = —0.80
for GA boards, and r = —0.78 for SW boards. Although the conducted ANOVA revealed
insignificance in the detected correlations (p-values 0.198-0.312), this tendency supports
some hydrothermal stability of the best-performing SA-based wood particleboards.

3.1.2. Influence of SE Soluble Fraction

The influence of the SE-derived soluble fraction (SF) on IB values, measured before
and after boiling, is summarized for all SE board samples in Table 4.

Table 4. Influence of soluble fraction after the SE on IB values of particleboards before and after the
boiling test.

Sample IB, N/mm? IBy,;, N/mm? Ryg, %
WSSE—SF 0.52 + 034 (c) 0.01 + 0.00 (b) 1.91
WSSE +SF 0.40 + 0.10 (c) 0.01 # 0.00 (b) 2.50
GASE—SF 3.04 + 0.50 (a) 0.03 + 0.00 (a) 0.99
GASE+SF 2.81 + 036 (a) 0.02 + 0.00 (a) 0.71
SWSE—SF 1.41 + 0.67 (b) 0.01 # 0.00 (b) 0.71

SWSE+SF 2.08 £ 0.83 (a, b) 0.02 £ 0.00 (a, b) 0.96

Means with the same letters are not significantly different at « = 0.05.

Despite the relatively large differences observed in the initial IB values of the SE boards
from the same species depending on the SF, these differences were not statistically significant
(Table 4). The presence of the SF led to an IB reduction of 23% for WSSE and 8% for GASE,
whereas for SWSE, an increase of 47% was recorded. These results may be attributed to
species-specific differences in chemical composition. For instance, WS has a higher ash
content than wood species; if it is not removed after SE treatment, this ash remains in the
material [16] and may inhibit fiber adhesion. Conversely, SW naturally contains a lower
amount of hemicelluloses, which are further reduced during the SE; the resulting dissolved
hexoses degrade to 5-hydroxymethylfurfural, which is known to contribute to particleboard
adhesion [42].

The IB values of the SE boards decreased drastically after the boiling test, regardless
of the presence of the soluble fraction (Table 4). In terms of IB,; performance, no im-
pact was observed for WS boards, while a 33% reduction was detected in GA boards and
a 20% increase was detected in SW boards. The remaining IB strength of the SE boards
after the boiling test varies in the range of 0.7-2.5% without strong correlations, depending
on the soluble fraction (Table 4). Although a minor increase in Rjg was observed for the
WSSE+SF and SWSE+SF samples, it remained negligible compared to the mold-pressed
WSSE-M board without the soluble fraction (Table 3). These results further indicate that
the presence of the soluble fraction alone is insufficient to ensure the hydrothermal stability
of SE-based particleboards.

The results regarding the soluble fraction in this study do not align with those pre-
viously reported for GASE boards [28], indicating differences in production parameters.
First of all, the MC of the raw materials before SE was substantially higher in the present
study (50% or 30%, depending on the fraction separation), whereas the MC in the previous
study was only 10%. A higher MC typically leads to reduced hemicellulose removal and
limited pseudo-lignin formation [43], which explains the current findings. Conversely, in
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the previous study, the lower MC facilitated more extensive hemicellulose removal while
retaining a higher proportion of lignin within the SE biomass. Secondly, the resulting supe-
rior IB,,; in the previous study seems to have been supported by the finer fraction of raw
materials before the SE. A recent review of self-adhesive boards particularly highlights the
importance of the biomass fraction before the SE with respect to final board properties [15].
And thirdly, the moisture resistance-influencing factor seems to be the MC of the mat before
hot pressing, optimally being around 8%, which ultimately resulted in superior Rjg values
for the investigated particleboards in the previous study [28]. The importance of the MC of
SE substrates before hot pressing was approved by other authors [16].

3.2. Water Contact Angle

Figure 8 illustrates the water contact angle measured after 30 s for particleboards
produced from various raw materials, bonding methods, and surface treatments.
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Figure 8. Water contact angle of particleboards after 30 s as a function of raw material, bonding
approach (SE and SA), and surface treatment (S, SP, SH, SHP, REF0, and REF1).

Among the raw materials investigated, GA showed the most consistent and systematic
response to the treatments and coatings, with contact angle values following similar trends
across different conditions. In contrast, WS samples showed the highest variability, with
contact angles ranging from low to high values under comparable treatments. SW samples
displayed intermediate behavior. No clear differences were observed between the pressing
methods, indicating that the pressing configuration did not significantly affect the contact
angle values.

SA-bonded particleboards exhibited higher contact angles than SE boards across all
raw materials. For SA-bonded boards, uncoated samples (REF0) showed contact angles
of approximately 80-90° after 30 s. The application of the S-coating system did not pro-
duce a notable increase in contact angle compared to REF0. In contrast, the SP treatment
yielded lower contact angles across all raw materials. Coatings containing chitosan (SH
and SHP) exhibited higher contact angles than SP, particularly with respect to SE boards.
The commercial coating (REF1) exhibited moderate contact angles compared with those of
other treatments.

The evolution of the contact angle over 30 s for GA particleboards is shown in Figure 9
as a representative example. For all samples, the contact angle decreased over time. How-
ever, SA-bonded boards consistently maintained higher contact angle values than their
SE-pretreated counterparts across all corresponding surface treatments. The GASA-REF0
sample exhibited the highest contact angle values, remaining above 90° throughout the
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30 s measurement period. The application of the S-coating resulted in values similar to or
slightly lower than those of REFO, while the SP treatment led to a pronounced decrease
in contact angle over time. In contrast, coatings containing chitosan (HSP) demonstrated
higher contact angles and greater stability than SP. Interestingly, while the SA-REF1 finish-
ing remained relatively stable over time, its values were lower than those of the untreated
SA-REF0 boards.

120 -
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Figure 9. Evolution of water contact angle over 30 s for GA particleboards, comparing bonding
approaches and surface treatments.

The combined evaluation of the board’s contact angle values after 30 s and their evolu-
tion over time indicates that surface wettability is predominantly controlled by chemical
composition rather than by processing parameters such as pressing configuration. The ab-
sence of a systematic effect of the pressing method suggests that macroscopic densification
may have a limited influence on surface energy, whereas chemical composition appears to
play a more dominant role in governing water—surface interactions [44].

The superior performance of SA-bonded boards can be attributed to the intrinsic chem-
istry of SA. Their structure, rich in long-chain aliphatic components, is likely associated
with reduced surface free energy and enhanced hydrophobicity [18]. Furthermore, thermal
treatment at 180 °C may promote condensation and polymerization reactions, potentially
contributing to the formation of a more crosslinked hydrophobic network. Possible esterifi-
cation reactions between SA carboxyl groups and the hydroxyl groups of lignocellulosic
fibers may further reduce the availability of hydrophilic sites and enhance interfacial com-
patibility [45,46]. The limited effect of the additional S-coating suggests that once the
surface is dominated by SA chemistry; further modification does not significantly alter
wettability. This indicates that hydrophobicity in these S-based systems is more strongly
influenced by the bulk-derived surface composition rather than by coating thickness.

The observed decrease in contact angle for pigment-containing systems (SP) may
be associated with increased surface heterogeneity and the possible introduction of more
hydrophilic components. Similar behaviors have been reported for pigment-containing sys-
tems, where enhanced wetting has been observed [47]. The presence of dispersed pigment
particles may disrupt the continuity of the hydrophobic matrix, promoting localized wetting
and water penetration. This interpretation is partially supported by the more rapid decline
in contact angle over time, which may indicate reduced resistance to liquid uptake [48].

In contrast, the improved performance of chitosan-containing coatings (SH and SHP),
particularly for SE boards, suggests the formation of a more coherent and less permeable
surface layer. This behavior is likely governed by both physical and chemical mechanisms.
Chitosan is known to form a continuous film, and its amino groups (-NH, ) may interact with
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carboxyl groups (-COOH) of SA through ionic interactions under ambient conditions [49].
In addition, such interactions may contribute to the formation of a more interconnected
network through ionic and hydrogen bonding, which could improve coating integrity and
reduce permeability [50].

The higher variability in contact angles observed for WS boards may be attributed to
their heterogeneous morphology and chemical composition. Factors such as the presence
of silica, waxes, and extractives can lead to non-uniform surface properties and inconsistent
wetting behavior [51]. In contrast, the more consistent results obtained for GA suggest a
homogeneous surface composition, establishing it as a suitable representative material for
analyzing wetting dynamics.

Despite being specifically formulated for exterior applications, the commercial ref-
erence coating (REF1) did not outperform SA-based systems in terms of hydrophobic
performance. This indicates that bio-based formulations can achieve comparable, or even
superior, water repellency without the need for additional surface treatments. However,
protective coatings may still be essential to ensure long-term durability, including resistance
to UV radiation, prolonged moisture exposure, and biological degradation—factors that
remain critical for fagade applications.

3.3. FTIR Analysis

FTIR spectra facilitate a clear differentiation between particleboards obtained using
the SA and SE approaches (Figure 10). Regardless of the raw material, SA-bonded particle-
boards showed increased absorption at 2922 cm~!, 2852 cm~!, 1735 cm™?, 1640 cm~!, and
1240 cm™!. These peaks correspond to the characteristic vibrations of aliphatic and ester
functional groups inherent to SA. The enhanced intensity of aliphatic groups may indicate
their contribution to the hydrophobic behavior of SA-based particleboards, as discussed in
the previous sections. These observations are generally consistent with the improved water
resistance and lower TS values obtained for SA-bonded board systems.
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Figure 10. FTIR spectra of particleboards produced: (a) SW (1—SA-M; 2—SA-M boiled; 3—SA-C
boiled; 4—SE-M boiled; 5—SE-M boiled; 6—SE-C), (b) GA (1—SA-C; 2—SA-C boiled; 3—SA-M;
4—SE-C; 5—SE-C+SF), and (¢) WS (1—SA-C boiled; 2—SA-M; 3—S5A-M boiled; 4—SA-C boiled;
5—SA-M boiled; 6—SE-C+SF, 7—SE-C).

The reduced intensity of the broad OH-related absorption band around 3420 cm~! ob-
served for SA-based particleboards suggests a lower relative contribution of hydrophilic func-
tional groups, thereby contributing to the enhanced hydrophobic behavior observed [50].

FTIR absorption was not affected by the type of particleboard—hot-pressed convention-
ally or using a mold. The retention of soluble parts in WSSE boards increased the relative
contribution of carbohydrate-related absorption bands compared with lignin-related ab-

sorption, as indicated by an increase in absorption in the range from 1200 cm~! to 900 cm ™!
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relative to the lignin absorption peak at ~1500 cm™! (Figure 10c). However, this relationship
was not observed in the case of GA and SW particleboards corresponding to hardwood and
softwood (Figure 10a,b). This is probably because the soluble part of SE-hardwood and
SE-softwood contains both polyphenols and carbohydrates.

Both SE and SA board samples produced from GA and SW exhibited lower relative
carbohydrate absorption after boiling compared to their untreated counterparts. Conversely,
WS particleboards displayed the opposite trend. The boiling treatment appeared to have
a more pronounced effect on phenolic compounds than on carbohydrates, as evidenced
by the decreased absorption at 1508 cm™! relative to the 1054 cm~! band. These spec-
tral changes align with the substantial changes in hydrothermal stability observed after
boiling treatment.

4. Conclusions

This study evaluated high-density particleboards produced from WS, GA, and SW
biomass, using SE treatment or SA bonding, combined with conventional or mold hot
pressing. Water resistance of the boards was assessed through IB testing after a 2 h boiling
treatment and water contact angle measurements. Among the biomass species, WS exhibited
the lowest performance, while SW and GA showed superior resistance. Although species
type had a negligible effect on water contact angles, surface wettability was significantly
influenced by the board type, production technology, and finishing system.

The most robust hydrothermal performance was achieved by conventionally hot-
pressed GASA and SWSA particleboards. Their IB,; values (0.81 + 0.23 N/mm? and
0.22 + 0.07 N/mm?) and TS-boil values (26 + 8% and 41 + 4%) substantially exceeded
the EN 312 requirements for Type P5 boards (0.15 N/mm?) intended for use in humid
conditions. These results underscore the high compatibility between wood biomass and
the SA-based binder. Furthermore, the developed SA-based finishing systems—particularly
those incorporating chitosan and earth pigment—further enhanced water resistance.

These findings advance the development of sustainable, bio-based fagade materials
with reduced environmental impact. While these technological approaches show great
promise for improving lignocellulosic particleboard stability, further research into long-term
outdoor durability—including weathering, UV resistance, biological degradation, and fire
performance—is currently underway.
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Abbreviations

The following abbreviations are used in this manuscript:

LCB  Lignocellulosic biomass;
SE Steam explosion treatment;
SF Soluble fraction of SE;

SAs Suberinic acids;

WS Wheat straw;

GA Grey alder wood;

SW Softwood;

MC Moisture content;

C Conventional hot pressing;
M Molding;

S SA-based finishing;

SH SA-based finishing containing chitosan;

SP SA-based finishing containing earth pigment;

SHP  SA-based finishing containing chitosan and earth pigment;
REFO  Reference board without coating;

REF1  Reference board coated with commercial finishing;

EN European norm;

1B Internal bonding according to EN 319;

TS Thickness swelling according to EN 317.
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